Paralogous genes are genes which descend from a progenitor gene which has duplicated as an ancestral gene, each copy having diverged prior to speciation. With comprehensive information available on functions of Escherichia coli proteins, analysis of sequence-related E. coli paralogous proteins can give information on the early ancestors of families of proteins now residing in many contemporary organisms, such as the enzymes of metabolism, some kinds of transport mechanisms and some kinds of regulatory mechanisms. In the ®rst step, we have con®rmed that E. coli contains a very high proportion of paralogous proteins. Next, we have de®ned two main classes of paralogous proteins. One class is formed of proteins which contain a unique structural segment homologous to a single set of related proteins. The other class corresponds to proteins which contain more than one structural segment of homology, each segment homologous to unrelated sets of proteins. We de®ne such an independent structural segment of homology as a module. This modular structure (mean length equivalent to 209 amino acids) corresponds often to entire proteins, but there are also proteins that appear to be assembled from two or three independent modules having independent origins. Most multimodular proteins appear to have been formed early in their history, a minority appear to be relatively recent fusions of independent modules. Examining 1404 independent structural segments of homology, composed of both modules and entire proteins, we found that the segments of homology fell into 352 sequence-related groups or families. The majority of these families (ranging from 2 to 62 members) are functionally homogeneous. This strongly suggests that the 1404 present-day modules and proteins derive from a minimal set of 352 ancestral modules, each one being already of the same size and having a function similar to all members of its progeny.
Introduction
To explore the evolutionary histories of proteins, we have analysed the sequence relationships among all proteins of Escherichia coli whose sequence is available, representing about 65% of the whole E. coli chromosome. Indeed, the genome of any organism may be viewed as a microcosm for the basic functions of all living beings, re¯ecting the entire process of evolution of specialized genes and gene products from a set of unique ancestral genes that existed at some early time in the evolution of organisms.
Many present-day genes have homologues present both in other genomes and in the same genome. These two classes of homologous genes are named orthologous and paralogous, respectively, according to Fitch (1970) . Orthologous genes descended from a unique ancestral gene and their divergence with comparable genes in different organisms is simply parallel to speciation. Therefore, they are good instruments for building phylogenetic trees of organisms. Paralogous genes, on the other hand, descended from copies of a gene which duplicated within a single ancestral genome. These copies have diverged prior to speciation and are good candidates for understanding protein evolution. Indeed, one can imagine that the earliest ancestral proteins had broad speci®city, catalysing whole classes of reactions with one enzyme and, progressively, more specialized proteins with narrow speci®city have been produced over time by duplication and divergence of the corresponding ancestral genes (Jensen, 1976) . Thus, sets of paralogous genes and their gene products can inform us of the ancient evolutionary history of macromolecules. Deep evolutionary times are accessible by sequence analysis of paralogous proteins as long as the changes to sequences over time by processes of mutation, recombination and repair have not blurred the similarities so they cannot be discerned today over background noise.
In recent work, particular subsets of E. coli paralogous proteins have been analysed in detail: transport, receptor and transcriptional regulatory proteins (Saier, 1996) and a set of regulators and the enzymes they regulate (Otsuka et al., 1996) . Also a set of 28 paralogous ORFs in the yeast genome have been characterized as they relate to multidrug transporters and major facilitators in yeast (Goffeau et al., 1996) . Spreading our inquiry further and more comprehensively, we have undertaken to examine all paralogous E. coli proteins whose sequences are currently available. In earlier studies we used the data of the SwissProt database (Bairoch & Apweiler, 1996) releases 26 and 28 to match the sequences of all E. coli K12 chromosomally encoded proteins against themselves (Labedan & Riley, 1995a,b) . We found that at least 52.2% of E. coli proteins have similarity of sequence to at least one other E. coli protein in SwissProt release 28 (Labedan & Riley, 1995b) . This strongly suggested that early ancestry and evolutionary relatedness of proteins can be discerned from current sequence data. To take this analysis further and to learn more about the evolutionary ancestry of today's proteins, we have analysed the new, signi®cantly increased set of E. coli K-12 chromosomal protein sequences present in SwissProt release 33 and we have correlated the functions of long segments present in these proteins with their sequence relatedness. Indeed, in this new study, we have chosen to examine in more detail the inheritance of entire proteins and major modules, taking into account that some proteins are multimodular, and that a signi®cant proportion of these multimodular proteins appear to be the result of an ancient fusion of evolutionarily unrelated modules. We have evaluated how these modules affect the assembly of paralogous genes in families and we propose the module as a new unit of evolutionary descent.
Results

Assembling the pairs of similar proteins into families
We have previously shown that it is possible to identify pairs and groups of genes in the E. coli chromosome which are likely to have resulted from duplication of ancestral sequences (paralogous proteins) by assessing their sequence similarities and functional similarities (Labedan & Riley, 1995a,b) . We have also shown that the AllAllDB program of the Darwin package (Gonnet et al., 1992) was very ef®cient in ®nding out, in one step, the whole set of putative paralogous proteins from all the E. coli protein sequences in the SwissProt database (Bairoch & Apweiler, 1996) . The AllAllDB program processed 3466 sequences which were attributed to E. coli in SwissProt database release 33. The output contained 11,914 pairs, which we edited to remove plasmid sequences, transposon sequences, prophages, and proteins of strains of E. coli other than K12, leaving pairs derived from 2548 K12 chromosomal sequences. Then, as in earlier studies (Labedan & Riley, 1995a,b) , we kept only sequence-related pairs having a PAM score of less than 250 and alignments of at least 100 amino acids. These two cutoffs were based on the ®nding that a PAM250 substitution matrix is the most ef®cient scoring matrix when applied to distantly related protein pairs for a minimum signi®cant length of 83 residues (Altschul, 1991) . Moreover, Figure 1 shows that many of the lengths of the alignments are greater than the arbitrarily set minimum of 100, since the distribution of alignment lengths has a median length of 209 amino acids. Therefore, in this study, we are focusing on the evolutionary history of segments of length around 200 amino acids, in strong distinction to other studies which used as a criterion of paralogy the presence of functional motifs as small as 5 to 20 amino acids (Koonin et al., , 1996 .
The cleaning of the initial AllAllDB output gave 5121 pairs of E. coli K12 chromosomally encoded proteins having sequence similarities along long segments extending up to the entire protein length. These 5121 pairs correspond to 1591 (including 526 open reading frames) paralogous protein sequences, many sequences belonging to families of paralogous proteins. In the next step, we tried to characterize the different families of paralogous proteins, with the objective of ®nding the minimal number of putative ancestral sequences, assuming that each family derives from one ancestral gene. We grouped the 5121 pairs into families of sequence-related pairs, assembled by collecting all relatives of each sequence of a pair and all relatives to those sequences and so on. Two equivalent programs (see Materials and Methods) were used to build families from all sequences in the list of 5120 pairs. Grouping the proteins by this automatic chaining method was only partially successful. Numerous small groups were found but more than 67% (1066) of the sequences were in a very large group. We found that a signi®cant fraction of all the paralogous proteins contain more than one non-overlapping alignment region in their sequence. We call these proteins multimodular proteins, a module being an independent alignment region of more than 100 amino acids. In some cases, the different modules present in one multimodular protein were found to be homologous to unrelated sets of sequences. Because of this, the automatic programs not only connected sequencerelated proteins to one another but also chained together all homologues to independent modules present in the same protein, thus mixing together families of unlike sequences in a huge arti®cial group. This is illustrated in Figure 2 where a multimodular protein, the alcohol dehydrogenase/acetaldehyde dehydrogenase AdhE, is shown as a bimodular sequence. The N-terminal half of AdhE aligned with the major part of the sequences of several aldehyde dehydrogenases BetB, AldH (putative), GabD, AldA, AldB and ProA as well as a central module of a very large protein, the proline dehydrogenase PutA. The C-terminal half of AdhE aligned with the whole sequences of another class of dehydrogenases, belonging to the iron-containing dehydrogenase family, namely the proteins FucO, GldA and the open reading frame YiaY. Clark (1992) suggested that AdhE is the product of the fusion of two independent genes encoding alcohol dehydrogenase and acetaldehyde dehydrogenase activities. The automatic family-making programs put in the same group these two unrelated classes of dehydrogenases, which are totally dissimilar in their sequences. A modi®cation in the approach was needed.
Defining the parameters to assemble the families
In order to avoid such arti®cial connections, we ®rst required that a large percentage of a sequence be in the alignment, either 60% or 80% of the total length of one protein in each of the 5121 pairs. The number of pairs was reduced to 3320 when the 60% requirement was imposed and to 2336 when the 80% requirement was imposed. With this procedural change, the sequences were grouped by linking similar sequences processively as before. There were 1290 sequences in pairs aligned over 60% or more of their length and 1061 sequences in pairs aligned over 80% or more. Relative to the unscreened results, smaller groups were formed in the 60% aligned set but still there was one large group of 328 heterogeneous sequences. Only the 80% aligned set had groups corresponding to homogeneous families, the largest containing 55 members. This approach was helpful in identifying sequences with bona ®de homologies and in giving us a blueprint of evolutionarily consistent families made of long evolutionarily related protein segments. However, it had the important drawback of failing to deal with a signi®cant proportion of the data.
Therefore, we looked for a more appropriate way to identify both entire proteins and all the individual modules that belonged to separate families corresponding to separate non-overlapping alignment regions in the multimodular proteins. Independent alignments are identi®ed in the AllAllDB output by their starting and ending residue numbers. To deal with multiple heterogeneous modules separately, we numbered modules in each multimodular protein starting from the N-terminal end, as À1, À2, or À3. For example, in the case of the AdhE protein (Figure 2 ), we treated the modules AdhE-1 (N-terminal half) and AdhE-2 (C-terminal half) as two independent entities.
Another change was introduced to increase the signi®cance of the results. We had already observed (Riley & Labedan, 1996) that PAM values between 200 and 250 corresponded to the tail of the extreme value distribution and we showed that the excess of sequences it contained was due mainly to the presence of many proteins with PAM value below 250 but displaying identity values less than 20%. This is supported when we look at the shape of the distribution of PAM values after removing pairs with PAM values over 200 ( Figure 3) . A more normal distribution results, which has a median value of 165. For the remain- Table 1 ). Note that many of the 1248 proteins also contain two or more modules but they did not create arti®cial linkings between unrelated families since they paired only with other proteins containing the same modules in the same order.
The ®nal list of 1404 evolutionarily related segments (sequences and modules) were grouped transitively (following chains of similarities until they were exhausted), producing a total of 352 groups ( Table 2 ). The 352 families of sequencerelated proteins varied in size, ranging from two members to 62 members, as listed in Table 2 .
Characterizing the functions of evolutionarily related modules
To examine the biological aspect of the groups of sequence-related proteins, members of all groups were examined for functional relatedness. To assign a cellular function to each of the gene products, we have used data previously assembled on functions of E. coli gene products (Riley & Labedan, 1996) as well as updates based on recent literature and information added in the current SwissProt database. Many gene products of E. coli have been well characterized, but some have not and are known only in terms of non-speci®c mutant phenotypes. We have assigned a type``unknown'' to proteins where either the function has not been experimentally determined, or the sequence is known only as an open reading frame (ORF), or the sequence has a putative function, i.e. a function based on sequence similarities. Remarkably, 49 of the 352 groups were composed entirely of ORFs and in total 39.9% of the paralogous partners have an unknown type of function. Where function of the modules could be assessed with certainty, we found that, in most cases, all members of a group carried out the same kind of function. The preponderant functions of the modules present in the larger groups are shown in Table 3 and the functions of the smaller groups are summarized in Table 4 .
The enzymes were found to group for the most part by the type of enzymatic reaction, and transport and regulation proteins grouped by mechanism (Table 3) . Simple enzymes composed of one polypeptide chain, or multimers of one chain, grouped together by reaction type, as re¯ected in similarity of Enzyme Commission (EC) numbers (Webb, 1992) . The EC numbers are informative when the enzymes in question are simple proteins. For more complex enzymes with two or more polypeptides present as subunits, the EC numbers give no information on the separate properties and roles of the subunits. However, by examining the specialized function of individual subunits of multisubunit enzymes, it was clear they fell into 
groups related by both function and sequence. Examples are iron-sulphur subunits of oxidoreductases, NAD-linked catalytic subunits of oxidoreductases, and enzymes or subunits that bind molybdenum as cofactor. Among proteins involved in transport, there are separate groups such as the ATP-binding components of the ABC transporters (Boos & Lucht, 1996) , or the integral membrane components of these ATP dependent transport systems (Boos & Lucht, 1996) or sugar-proton symport transporters (Maloney & Wilson, 1996) . Similarly, two-component regulatory protein sensor domains grouped separately from response regulator domains (for a general overview, see Hoch & Silhavy, 1995) . Other types of regulators, the transcriptional activators/repressors, are found in different groups such as the AraC-type, the LacI-type and the LysRtype (for a general overview, see Ninfa, 1996) .
However, not all members of sequence-related groups were homogeneous in function. In the group of transcriptional regulators containing LacI and RbsR and other similar regulators, a few periplasmic binding proteins are also present: RbsB, XylF, AraF and MglB. In another family containing membrane components of transport systems, there are two integral membrane proteins with different functions in the system for transport of glycerol 3-phosphate: UhpT is the transporter, and UhpC is a highly speci®c receptor which is involved in the signal transduction cascade in the same system, causing expression of UhpT (Maloney & Wilson, 1996; Ninfa, 1996) .
Finally, predominant group size was characteristic of type of function. The physiological functions of proteins in E. coli were not equally represented in large and small families of sequence-related proteins. For small groups of less than ten, enzymes are the major type of protein, many of the enzymes being in highly individual pairs or small groups. The next larger categories in small groups are transport proteins, then regulatory proteins. By contrast, for the largest groups of size ten or more, transport proteins are most common, followed by regulatory proteins, and enzymes are third (Table 4) .
Making genealogical trees for groups of paralogous modules
The evolutionary sequence relationships between modules belonging to the same group were further examined through the Phylotree application in the DARWIN program. Many trees (examples are shown in Figures 4 to 8) illustrate the fact that our groups have sequence relationships that suggest an origin from a single ancestor for each group. This is clearly apparent, for example, in Figure 4 , where all except the two ORF unknowns (YFFG module 1 and YFFE) and the putative NAPG (conceptual translation) are iron-sulphur subunits of dehydro- genases. Likewise, Figure 5 shows that a set of dehydrogenases binding molybdopterin cofactor belong to another independent homogeneous family. Figure 6 is composed largely of transcriptional repressors (see Discussion below) and Figure 7 is largely GTP-binding proteins. Both medium sized (Figures 4 to 7 ) and large ( Figure 8 ) trees exhibit an unusual star-like topology where branches appear (1) to be of approximately equal length and (2) to emerge from an unresolved centre region.
Discussion
The bacterium E. coli appears to be an invaluable tool to analyse the mechanisms of protein evolution, for at least two reasons. (1) E. coli is one of the best known organisms where nearly all basic functions necessary to the fundamental mechanisms of life have been well studied, often in great detail (Neidhardt et al., 1996) . This has allowed one of us to establish a detailed organizational scheme for all the functions determined by E. coli genes (Riley, 1993 and more recent updates available on request or on the Web site www.mbl.edu/html/ ecoli.html). These characterizations are being used systematically by people sequencing whole genomes of organisms whose biology is poorly known (e.g. Fleischman et al., 1995; Bult et al., 1996) , organisms where``function'' of putative open reading frames is attributed only by similarity to previously studied genes. Thus correlation of sequence similarity with similarity of physiological function is of interest to the wider microbial genomics community.
Also, (2) we have shown previously (Labedan & Riley, 1995a,b) and now con®rm that many E. coli proteins belong to families of paralogous proteins. Such paralogous proteins can be used, at least in theory, to trace back the history of the formation of present-day families of macromolecules to the ancestral genes which ®rst duplicated to give birth to whole families. Indeed, one expects that early ancestral proteins existed long before the emergence during evolution of any one organism in its contemporary form. Thus, studies of sets of paralogous genes and of their gene products found in present-day E. coli can inform us of the ancient evolutionary history of macromolecules independent of organisms.
With this objective in mind, we have tried to de®ne all the families of paralogous proteins which To do that we have focused our analysis on sequence similarities extending along long segments of the matching proteins. We grouped together proteins of related sequence and systematically checked for functional similarities among the sequence-related members. This work of family assembly has led to the following conclusions.
(1) We can de®ne two main classes of paralogous proteins. A large majority of the proteins align along the major part of their lengths. A signi®cant minority align with two or more sets of unrelated proteins, corresponding to well-de®ned independent segments inside the same protein. Therefore, we have a large set of proteins with only one structural segment of homology to one set of related proteins and we have a smaller set of proteins with more than one structural segment of homology, each segment corresponding to unrelated sets of proteins (Table 1) . When we replaced these 74 proteins with the 156 corresponding segments, then grouped the 1404 sequences by similarity, 352 homogeneous groups were formed with size varying from 2 to 62 members (Table 2) , corresponding to families having a high degree of functional relatedness (Tables 3 and 4). (2) We de®ne the independent structural segment of homology as a module, corresponding to the minimal size of homology in present-day proteins. We found that this minimal size corresponds to a modular structure of around 209 amino acids (Figure 1) . The module as so de®ned may contain more than one motif and more than one functional domain. It assorts independently in separate groups of sequence-related proteins that we believe have independent evolutionary origins.
In many cases, E. coli proteins are made of a single module, but there are also proteins assembled from two or three independent modules having independent origins. Among these multimodular proteins, we detect two categories according to their length of homology. The large majority of multimodular proteins form homogeneous families where all members align along one long region of homology that includes all modules. This category is most probably the offspring of successive duplications of an ancestral entity which contained more than one module as a result of a very old event of fusion. The second category, in the minority (74 instances), corresponds to proteins with a fusion of evolutionarily unrelated modules. These modules have independently duplicated some number of times as unimodular proteins before fusing to give multimodular proteins. Fusion of independent modules produced larger proteins with new properties such as regulatory proteins containing both sensor and response regions, phosphotransferases with two or three of the Enzyme IIA, IIB, and IIC elements, and complex enzymes such as homoserine dehydrogenase-aspartokinase. Fusion of enzymes during evolution seems to have been relatively common (for instance in E. coli, the HisIE compound enzyme phosphoribosyl-ATPpyrophosphatase/phosphoribosyl-AMP-cyclohydrolase and HisHF, the compound two-step enzyme imidazole-glycerol-phosphate synthase). The fusions can be seen in well-studied instances to have taken different paths in different organisms, as for instance in the tryptophan biosynthetic pathway in several microorganisms (Crawford, 1989) . Therefore, one can imagine that in the ancestral chromosome there were genes which had duplicated but not yet fused and others which had fused but not yet duplicated.
(3) The 1404 modules found in present-day E. coli K12 seem to derive from a minimal set of 352 ancestral modules. Our data suggest that each putative ancestral module was already at least as large as the alignment regions of today's modules and had a function similar to all members of its progeny. For the most part, members of a family are found to have retained a similar function and mode of action but to have specialized in substrate speci®city. It seems likely that ancestral proteins were tolerant of substrate identity, then diverged to more speci®c derivatives.
(4) The physiological functions of proteins in E. coli are not equally represented in the small and large families of sequence-related proteins (Table 4) . Most of the small groups of two or three are enzymes. Transport and regulator proteins follow in frequency. On the other hand, most of the large groups are composed of either transport systems or regulatory proteins, with a few groups containing enzymes and enzyme subunits. It seems that many transport and regulation proteins diversi®ed over time by small changes while conserving suf®-cient primary sequence similarity as to be observable as sequence-related today. By contrast, many enzyme proteins have diverged further into small sets of highly speci®c catalytic agents having little or no primary sequence similarity to enzymes in other groups.
As to other types of proteins, strikingly, many proteins involved in the machinery of the information-processing systems (e.g. replication, transcription, translation) and cell structure (e.g. ¯agellae, ribosomal proteins) are either not part of this process of evolution by paralogy or have diverged so far that no hint of similarity of primary sequence remains. Therefore, we could not extend the conclusions based on sequence similarity to the history of these proteins.
(5) Some insight into mechanisms of evolution may be visible in the membership of the few families that contain one or a few members which are different in function from the majority. As an example, the group (Figure 6 ), composed largely of regulator proteins that recognize speci®c trigger molecules, also contains a few periplasmic transport proteins. An explanation might be that differentiation of a protein speci®cally recognizing ribose, for instance, gave rise to a ribose-speci®c repressor on one hand and a ribose-speci®c transport protein on the other hand (Mauzy & Hermodson, 1992 ).
It has not been possible to trace back the early history of each family of paralogous proteins. We have tried to reconstruct a genealogy of each module family (containing more than four members) by generating unrooted evolutionary trees. These trees show that the internal nodes of many trees (especially in the case of large families) are very poorly resolved, giving a star-like ®gure. Only events such as recent duplications could be easily detected in the tree topology (e.g. Figure 4 ). This implies that many of the primary events of the ®rst duplications have become blurred and it will not be possible to trace back initial evolution events in the families using only this approach.
The bushyness of the protein families with most of the proteins lying about the same distance from the centre suggests that the proteins have evolved to about the same extent from their apparent origins. Although we cannot detect the origin per se, nevertheless it appears that the protein sequences have all arrived at a saturation point, unable to undergo more change within limits of preserving function (Meyer et al., 1986) . This aspect of the data will be treated more fully in a subsequent paper.
Traces of common ancestry may remain between families of proteins whose function is similar but primary structures have diverged so far that similarities in primary sequence are not detectable by the methods used in this paper. When ef®cient tools for comparison of proteins based on their ob- E. coli Protein Families served or predicted secondary and tertiary structures become available, we may be able to detect new levels of homology in protein structure which will help to detect more ancestral relationships. In this context, the recent work of``mapping the protein universe'' (Holm & Sander, 1996) will be invaluable.
Materials and Methods
Finding all the significant matches among all the protein sequences of E. coli All protein sequences of E. coli K12 were analysed for similarity of sequence with any other E. coli K12 protein.
The sequences of the chromosomally encoded proteins of E. coli K12 in SwissProt release 33 (Bairoch & Apweiler, 1996) that are longer than 100 amino acid residues were assembled into a data set. This set was scanned with the AllAllDB program which allows one to search for all matches between all proteins of the SwissProt database using a complete Smith-Waterman type dynamic programming (Smith & Waterman, 1981) . This AllAllDB program which was judged to be one of the best performers among sequence comparison programs (Johnson & Overington, 1993; Vogt et al., 1995) is based on a landmark work that optimized the process of sequence alignments and exhaustively matched an entire protein sequence database (Gonnet et al., 1992) . This approach is based on the use of the unique algorithm that achieves optimal alignments of two homologous protein sequences (Needleman & Wunsch, 1970) and the development of a new mutation matrix adapted from the mutation data matrix developed initially by Dayhoff et al. (1978) . The ®nal outcome of such an exhaustive matching is a reorganized database which can be used as an interactive search system, the so-called DARWIN (Data Analysis and Retrieval With Indexed Nucleotide/Peptide Sequences) system available at the Computational Biochemistry Research Group server at the ETH, Zurich, Switzerland. In this system, the sequences, taken from the SwissProt database, are organized as sets of evolutionarily connected components which are characterized by an evolutionary distance measured in PAM units. The PAM distance, the number of accepted point mutations per 100 residues separating two sequences, is based on (1) a mutation data matrix normalized to a distance of 250 PAM and recomputed for each new set of sequences, (2) a gap penalty which is itself dependent on the PAM distance intrinsic to the set of sequences studied (see Gonnet et al., 1992 for additional details of the method).
Forming the families of paralogous proteins and managing the data
The different matches were grouped into families of sequence-related pairs, assembled by collecting all relatives of each sequence of a pair and all relatives to those sequences and so on. Two equivalent programs, written in the Pascal computer language by Arnaud Bohelay and in SQL by David Space were used to gather automatically into one family all sequences that were related by a chain of similarities, collecting all relatives of both members of each pair until no further pairwise relationships were found. Data about pairs and families were analysed further in the context of relational database management using both Foxpro for Windows 2.6 and Claris FilemakerPro 3.03 for Macintosh. Data on function of gene products were derived from Riley & Labedan (1996) with some updates based on recent literature or information added to the SwissProt database.
Making genealogical trees for the families
For each family larger than three members, a multiple alignment and an unrooted tree were made using two functions (MulAlignment and PhyloTree) of the AllAll program, which is part of the DARWIN package. The trees obtained using this program are based on the estimated PAM distances between each pair of sequences and the deduced evolutionary distance between each node is weighted by computing the variance of the respective distance. Therefore, these distance trees are approximations to maximum likelihood trees (see Gonnet et al., 1992 , for additional details of the method, and the booklet available at the Internet address http:// cbrg.inf.ethz.ch/ServerBooklet, especially the subsection 2 3 5 1).
